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ABSTRACT 


The aim of the present investigation was to deposit thin 
films of a transparent oxide semiconductor such as tin oxide and 
carry out characterisations with respect to its applications in 
solar cells. The chemical spray method adopted for depositing 
these films is quite simple and economical = The same method can 
he employed for depositing thin films of indium oxide and indium 
tin oxide (ITO), which are finding considerable applications in 
photovoltaics. 

The deposited films have been found to possess good 

electrical and optical properties viz, resistivities of the order 

—2 — B 

of 10 to 10 ' Ohm. cm and optical transmittance s of the order 
of 80-90 percent. Heterojunction cells have also been made by 
depositing the film on single crystal n-Si. The electrical 
characterisation of the cells has been carried out. The analysis 
of the cells has yielded a conversion efficiency of 0.10 percent. 
The low efficiency of the cells has been attributed to the high 
series resistance arising from the large sheet resistiviiy of the 
tin oxide layer, 

Hodif ications in the present method by way of changing over 
to fused silica in place of pyrex glass used in the present 
investigation as material for furnace tube, addition. of dopants 
in suitable proportions to the spraying tin chloride solution to 
enhance the conductivity of resulting films, can bring about 
considerable improvements and lead to solar cells with good 
conversion efficiency. 



1. IMRODUCTION 


Oxides of some metals are being increasingly employed in' 
photovoltaic and solar thermal methods of solar energy conversioi 
Some of the important oxides that have been thus reported are 
indium oxide [l,2], tin oxide [3,4], indium tin oxide (ITO) [5-7 
The conventional p-n junction solar cells used in photovoltaic 
conversion are not at present considered to be attractive in so 
far as large scale prodaotion is concerned. The main reason for 
this lies in the higher cost of production of these cells arising 
from, material, processing, and fabrication techniques. The 
present day tendency is towards reducing the cost of production c 
the solar cells by using new materials which besides being less 
costly can simplify the fabrication technique. The search for 
such materials has eventually led to the development of trans- 
parent semiconducting and conducting materials, which when used 
in the form of thin films have been found to meet these requireme' 

1.1. Transparent Conducting Films ; 

G-ood optical transparency and high electrical conductivity; 
are properties which are quite conti'adictory to each other, Goodi 
optical transparency demands thinner films whose conductivities i 
are quite low and high conductivity requires thicker films whose ; 
optical transparencies are quite low. In case of metals used as ' 
transparent conducting films, the high optical absorption limits 
the tliickness of the films to values less than 100 £ [s]. Such 
films are being employed in MOS and Schottky barrier solar cells. 



The metallic oxides mentioned above have been found to 
possess transparent conducting properties. J.O.G. Ian and 
F.!. Bachner [?] describe the preparation and properties of indium 
tin oxide films and have reported optical transmission of 80--90 
percent with resistivities of 5-15x10“^ Ohm. cm. U.S. Change and 
J.R. Sites [ 9 ], J.B. Bubow, et al.[lO] have fabricated ITO solar 
cells and report conversion efficiency of 10-12 percent. 

The most important properties from the point of view of 
fabrication of solar cells are (i) high optical transparency (80-9 
percent) and (ii) high electrical conductivity (10^-10^ mho/cm). 
All of the oxide semiconductors above have very high band gaps of 
the order of 3-5 eV. Hence the material acts as a transparent 
window in the visible range. 

The high conductivities which these oxides possess are 
attributed to native defects arising out of stoichiometric 
deficiencies [ll ] . 

1.2. Methods of Deposition 

In general, four methods of depositing these films have 
been reported i 

(i) Evaporation of the metals and subsequent oxidation [l2]-, 

(ii) (a) Reactive sputtering of the concerned metals [ 13 ]; 

(b) Deposition from pressed oxide targets by ion beam [l4] 
or RP sputtering [5-7]*, 

(iii) Chemical vapor deposition [l5]’, 
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Best films with very good optical and electrical proper- 
ties have been obtained by RB sputtering from metal oxide targets. 
However, the process nee.ds an elaborate and expensive set up 
which is not economical. JCC Fan [ 14 ] has prepared I TO films at 
low deposition temperatures by ion beam sj/uttering with optical 
transparencies between 30 and 90 percent and resistivities of the 
order of 10~^ Ohm. cm. K.P. SreeHarsha, et al. [20] have fabricatec 
solar cells by depositing ITO by ion beam sputtering and have 
obtained efficiencies of the order of 14 percent. 

Chemical vapor deposition is Deing used for preparing 

single crystals of tin oxide since a long time. T. Muranoi et al . 

[ 15 ] have deposited tin oxide films by this method at deposition 

o 

temperatures as low as 250 C and have reported good optical and 
electrical properties for such films. 

Deposition by means of a chemical spray is very simple 
and economical. A spray deposition method of obtaining tin oxide 
films with good optical and electrical properties suitable for 
solar cell fabrication is described in the following. 

1.3» Chemical Spray Technique 

Tom Feng, et al . [l?] describe this technique in the 
fabrication of ITO and tin oxide cells. The technique essentially, 
involves using a solution of a s-ui table chemical compound normally 
a chloride and forcing it through a get by an inert gas such as 
N 2 0 ^ ^ ■*^0 substrates heated to temperatures of the order of 

400-600 ‘^C. The process involving the deposition of a film using - 
the acqueous solution of a compound is known as 'spray hydrolysis'. 
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In case of water solutions of tin cliloride (SnCl^, 5H2O) , the 
reaction [l 5 ] may represented hy; 

SnCl^ + 2H2O Sn 02 + 4 HC 1 . 

Tin oxide is formed on the substrates with HCl gas as one of the 
products of the reaction. H. hostlin, et al. [l6] have deposited 
I TO films by chemical spray using an alchoholic solution of the 
compound mixture of indium chloride and tin chloride. 

The important parameters [s] controlling the deposition 
rate in any chemical spray are (i) concentration of the solution; 
(ii) inlet gas flow rate; (iii) temperature of deposition; (iv) 
geometry of the substrates with respect to the spraying jet. 

Tom Feng, et al . [l 7 J have reported a deposition rate of 
1000 S/rain at their deposition conditions- A.L. Fahrenbruch et a 
[ 2 lj have investigated metal oxide/Si he ter o junction cells. They 
have reported that for the same composition, the deposition rates 
differ at different temperatures leading to corresponding changes 
in the resistivities of the films. As the temperature increases, 
the deposition rate at a particular composition decreases resul- 
ting in increased resistivity of the deposited films. 

1 * 4 - Tin Oxide Solar Cells 

Tin oxide on n-Si forms a good he ter 0 junction solar cell. 
Such cells have been reported as low cost photovoltaic devices by 
K. Kajiyama et al . [3], H. Kato et al . [ 4 ], J.B. Dubow et al. 
[10]. The main reasons for this are that 
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(i) tin oxide can be deposited by an easy method such as 
spraying, which is quite economical, 

(ii) tin oxide on Si forms an effective antireflection coating 
in addition ro serving as a barrier layer. This property 
has been attributed to the refractive index (= ‘2) of Sn 02 
layer which lies in between that of air and silicon. Hence 
the cost incurred towards an additional layer of antireflec- 
tion coating is avoided. Besides this tin oxide acts as a 
transparent v/indow in the visible range and hence the Sn 02 / 

Si solar cells have a wide spectral response and large output 
current [22]. 

The reports of the Sn02/Si he tero junction first came from 
Kajiyama and Purukawa [ 3 ], who deposited Sn 02 semiconducting 
layers, 1 micron thick, by chemical vapor deposition from SnCl 2 , 

2 H 2 O using oxygen as a carrier gas. Silver paste was used to 
provide ohmic contacts to the Sn02 layer. The efficiency of this 
cell was about 0,10 percent. The low efficiency was attributed 
to the high series resistance of Sn02 layer. Hishino and Hamakawa 
[12] investigated the electrical and optical properties of Si-Sn 02 
hetero junctions. The tin oxide layer in this case was deposited 
by a two step process involving evaporation of tin and :its sub- 
sequent oxidation in the furnace. The current-voltage charac- 
teristics of this SnOg/Si diode indicated a good rectification. 
However, the efficiency of the cell has not been reported. 

A good efficiency of about 10 percent has been reported by 
Anderson in a private report. Eato , et al. [4] have fabricated 
Sn 02 /Si solar cells by the spray deposition technique using a 
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solution of SnCl^j ^^ 2 ® concentrated hydro cliloric acid and 
water mixture tahen in the ratio 1:5. The same method has heen 
employed by Arizumi et al. [22] in the fabrication of Sn 02 /Si 
hetero junction diodes. They have reported better spectral 
response and quicker response times for these cells than for p-n 
junction cells. E.f. V/ang and R.N. Legee [23] have u.sed hydro- 
lysis of stannic chloride for depositing thin films of Sn 02 to 
fabricate hetero junction cells. The method adopted here is 
essentially a chemical vapor deposition involving SnCl^ , 5 H 2 O 
which is melted in a hot zone and carried by the gas onto 
substrates heated to rbout 800 in a furnace. 

The Sn 02 /GaAs (n-n) and Sn 02 /Ge (n-n) he tero junction cells 
fabricated by them are reported to have efficiencies of 1.2 
percent and 0.8 percent respectively. For (n-p) Sn 02 /Ge they 
have not observed any photovoltaic effect with current-voltage 
relationship being linear in the low bias range investigated. 
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2 . THEORETICAL BACKGROUND 

i 

2.1 Electrical Properties 

2 . 1.1 Resistivity of thin films 

In case of four point probe measurement, the resistivity, 
[24] of a material in the form of an infinitely thin slice 
resting on an insulating support, is given byi 

/'= 4.532 [V/I] t, ( 2 . 1 ) 

where Y is the voltage applied across the inner probes, I the 
current through the outer probes, and t the thickness of the 
film. The sheet resistance, Rg , is given by i 

R, = f/t = 4.532 [V/l]. (2.2) 

The resistivity of the film depends upon the temperature 
of deposition. The films deposited at higher temperatures show 
far lesser resistivity than. those deposited at lower temperatures. 
Spraying technique does not yield films of low resistivity at 
temperatures below 3OC [15]. T. Muranoi et al. [15] attribute 
the decrease in film resistivity with increase in temperature 
to the increase in mobility resulting from the large grain size, 
which reduces scattering at grain boundaries. 
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Since the band gap of tin oxide is quite large, the 
intrinsic carriers are not a factor [25]. Ihe high conduc- 
tivities of these films have been attributed to the presence 
of native defects such as oxygen vacancies, vy?hich contribute 
donor levels to the material. M. Nagasawa and S. Shinoyo [26] 
have studied the heat treatment in vacuum of Sn 02 single 
crystals, Ihe purpose of this heat treatment was to enhance 
oxygen vacancies or in other words to reduce the crystals. 

The properties of such crystals, which are quite similar to 
those of Sb doped crystals, are interpreted with the 
concept of degenerate semiconductor. The electrical proper- 
ties of Sn 02 are isotropic [2?] in spite of its anisotropic 
crystal structure. Assuming = 1, where p is the 

drift mobility and Pt.j, the Hall mobility, the authors 
have found that Hall mobility 
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of reduced crystals does not vary with, temperature and is lower 
than that for as grown crystals, for which, mobility decreases 
with increase in temperature. This leads to the fact, that the 
conduction electrons in reduced crystals are degenerate in the 
temperature range investigated. The degenerate temperature T^^ 
is given by ; 

T^ = 4.231 X 10”^^ (m/m*) (2.3) 

where is the carrier density, m* the effective mass of 
electron. Taking m* = 0.15 m, T^^ = 300 for reduced crystals. 
The authors report, that Pjj is independent of T upto 200 °K, For 
temperatures less than 200 the Hall mobility decreases with 

decrease in temperature. This suggests carrier scattering due 
to ionised impurities. It has been found by the analysis of 
Maries'" and hockerty [28] that high temperature annealing of Sn 02 
produces a level 100-150 meV deep according to 

= [150 - 8.7 X 10"5 meV, (2.4) 

where is the donor concentration. This level is attributed to 
oxygen vacancies. S, Samson and C.G. Eons tad [25] have identi- 
fied the two donor levels at 34 meV and 140 meV as due to the 
first and second ionised states of oxjrgen vacancy. Annealing in 
H 2 above 900 °C leads to the introduction of a new donor level 
at (50 + 5) meV deep which is deeper than the first oxygen level. 
These suggest that rather than oxygen being drawn out by the 
hydrogen to leave vacancies, hydrogen diffuses and forms a new 
donor level. Samson et al. [25] give the general expression for 
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conductivity as 


0 = 0 + 
0 


a/ 


'r ^ -02 > 


(2.5) 


where is the conductivity due to impurities and includes 
mass action constant, mobility, and electronic charge all of 

which are independent of the partial pressure of oxygen (Pp, ). 

^2 

The value of aj_ is found to be 6 v/hich is attributable to oxygen 
Vacancy . 

'The variations of the conductivity of the tin oxide films 
have been studied by iboalf et al. [29]- They attribute this 
variation to a combination of departure from stoichiometry and 
the incorporation of chlorine in the films. Chlorine is found 
to be present upto an extent of 1.2 y» (w/O) in the sprayed films. 
When the temperature of deposition increases the chlorine 
content decreases al-ong with the oxygen content leading to 
increased film conductivity. The chlorine concentration is 
found to be much lower for films deposited in H 2 ambient. The 
electrical conductivity and carrier concentration are found to 
be the same at 'room and liquid nitrogen temperature (-196 °C). 
This shows almost complete ionisation of impurity centres at 
-I 96 °C and is in agreement with an impurity level less than or 
equal to 0,02 eV below the conduction band edge of Sn02- X-ray 
data have shown that chlorine is incorporated in tin oxide lattic 
either interstitiall3^ or substitutionally since no chlorine 
containing phases were detected. Substitutional or Interstitial 
incorporation should give rise to den or levels thus increasing ' 



conductivity and carrier concentration in n-SnOg films. 

Sn 02 das a rutile structure with, its unit cell containing 

four oxygen and two tin atoms, and das a volume of 71.6 2^. One 

atomic percent (a/o) of substitutional chlorine would give rise 

20 5 

to a carrier concentration of 8x10 electrons per cm . But the 

observed carrier concentrations are of the order of 1.5 to 1. 2 x 
20 "5 

10 /cm-^. This suggests that part of the chlorine incorporated 

is rendered electrically inactive by a probable interaction with 
oxygen vacancies. 
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2,2 Optical Properties 
2,2.1 lilm transmittance 

On account of its high hand gap, tin oxide has a good 
optical transmittance. The optical transmittance 'T' for a 
transparent conductor can he defined as: 

T = T/Tq = exp(-at) , (2.6) 

where Iq Ts the intensity of incident li^it”, I, that of the 
transmit'. ed light; a, the absorption coefficient of the material 
of the film and t, the film thickness. 

Prom (2,6), In (Iq/D = at. (2.7) 

Knowing the thickness of the material, its absorption coefficient 
can be calculated using equation (2.7). 

Por transparent conductors, a parameter often used to 
characterise is a quantity called figure of merit, defined as: 

^Tc = ^2.8) 

where T is the transmittance and 'Rg* the sheet resistivity in 
Ohms per square. 

In defining the above figure of merit, G. Haacke [30 ] 
argues that if the normal T/R ratios are used to define the 
figure of merit, such a definition may break down when distin- 
guishing the transparent semiconducting films practically. It 
may so happen, that films with very low sheet resistivities 
having low transmittance values may have higher T/R 'ratios than 
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those having slightly higher sheet resistivity and transmittance, 
hut whose transparent conductor properties are far superior. 

Hence the definition of the figure of merit in the above manner 
has arisen out of practical necessity, 

from equation (2.8), = exp(-10 at)/Rg. (2.9 

The sheet resistivity R = ^/t = l/at. 

s 

This leads to 0rr,^ = ot exp(-10 at), (2.1 

-L O 

Assuming a given sheet resistivity, from (2*10) it is deaf 
that 0^^ a exp(-10 at) , 

exp [-10 a(l/Rga)], 

a exp[-constant (a/a) ]. (2.1 

Equation (2*11) shows that a/c is a basic materials parameter 
determining the figure of merit of a transparent conductor. 

from classical theory, 

2 2 / 
a/a = 71 c n t , (2»^ 

where n is the carrier concentration, 

\ is the frequency of light, 
r is the free carrier relaxation time, 
and T = l/v, 

with 1 as the mean free path and v as the velocity of carriers. 
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Figure of merit is large for small a/a or large a/a corres- 
ponding to large mean free paths. 

The high absorption of metals in the visible range 
demands very thin films of the order of 100 2 to achieve suffi- 
cient transparency. At such thicknesses, problems of agglomeration 
are severe. However this effect is negligible in transparent 
semiconductors which allow large film thicknesses and thus 
reduce the effects due to agglomeration, 

2.2.2 Optical band gar and absorntion 

Tin oxide absorbs only in UV due to its high band gap. 

'The estimation of the band gap of the material can be made by 
knowing its absorption coefficient. A relationship of the type, 
a^^^ = hV - Eq_ (2,13'') , is reported to correspond to indirect 

optical transition [l5] of tin oxide. In the above relation 
is the frequency of light and E,t_, the band gap. The plot of a^^^ 
versus h'U is found to yield a linear portion, whose extrapola- 
tion to zero absorption coefficient gives an intercept on the 
photon energy axis corresponding to the band gap of the material. 

The absorption edge for tin oxide is found to lie at ’ 

3500 2 corresponding to a value of 3.5 eV for band gap. However ! 

the position of the absorption edge depends upon the carrier 
concentration and is found to shift to lower wavelengths with 
increase in carrier concentration. T. Arai [3l] has given an 
explanation for this as follows : The high carrier concentration, 
which leads to a high degree of degeneracy of the semiconductor, 
leaves a part of the conduction band of tin oxide completely 
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filled with, respect to tiie conduction hand edge. As a result 
of this, the electrons have to he transfered over the top of 
the partially filled conduction hand rather than over the top 
of conduction hand edge during the electronic transition across 
the hand gap. This needs higher photon energy and causes a 
shift in the absorption edge of tin oxide to lower wavelengths. 

In the infrared range, the energy is insufficient to 
cause electronic transition across the hand gap. In such 
cases, the electrons in the conduction hand can ahsorh infrared 
photons to rise to higher levels within the hand. This pheno- 
menon is often called infrared reflectivity and the minimum 
wavelength at which this occurs shifts to lower value Sj as 
carrier concentration increases. The classical theory also 
supports this free carrier ahsorption, when it defines this 
plasma wavelength (Ap) as i 

Xp= 2 Tz C (2.14) 

where ejyj is the dielectric constant of the material and m*, 
the effective mass for carriers in conduction hand and N, the 
carrier concentration. 

2.3 Structural Characterisation 

The results of thin film investigation are subject to a 
meaningful interpretation, if the samples have been fully 
characterised and their structure and composition are well 
known. Thin films can consist of moi’e than one phase, if this 
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is tiiermodynamically favored. Identification of such, phases, if 
any, is important, since they may have inflaence over the proper- 
ties of the film. , 


2.3*1 Structural characterisation by X-rays 


inalysis of the X-ray diffraotogram, obtained by scanning 
the sample in a cxystal X-ray' diffractometer, is an important 
aspect of this process. The structure of tin oxide is tetragonal 
with the lattice constants [32] as follows : 


= 4.738 £ and c^ = 3*188 £. 


The unit cell of the structure contains tv;o tin oxide molecules 
Por any particular diffraction peak at an angle 9, Bragg’s law 
of X-ray diffraction is satisfied. Each one of the peaks 
corresponds to a reflection from a plane (hkl) corresponding 
to the interplanar spacing Prom Bragg's law. 


2 sin 9 = n X , 


where n is the order of diffraction, 

and X is the wavelength of incident X-rays. 

Taking n = 1 for the first order. 

Since X and 9 are known, the interplanar spacing can be 

calculated. Por tetragonal tin oxide, the interplanar spacing 
dhki is related to the indices and lattice ccnstants a^ and c^ by 
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= lA(h^+k^/a^) + (iVcq)]^/^ 

Tliis leads to h.^+k'^ + (aQ/c^)l^ = (a^/ d ^^-, )^ . 

Taking the above I'elues of and c^, 

h^+k^ + 2.2 1^ = ^^o/’^hkl^^* (2.16) 


The calculated values of d ^^-^ are substituted in the above 
equation and the values of h,k,l are chosen so as to satisfy 
the above equation. These values give a set values for the 
indices of each diffraction peak. 


2,3.2 Structural characterisation by transmission electron 

microscopy 

The nature of the film and its micro structure are important 
in any characterisation. In transmission mode, the grains of the 
film can be observed and grain sizes determined. The diffraction 
pattern of the film can give an idea of the nature of the film 
namely whether the film is crystalline, polycrystalline or 
amorphous. Crystalline films are characterised by strong 
diffraction spots arranged in a fashion depending on the crystal 
structure. Poly cry st.'^lline films are characterised by sharp and 
continuous concentric rings. If the film has a specific 
orientation, the continuous rings split into arcs. The amorphous 
films are characterised by diffused ring pattern. The radii of 
the rings in a polycrystalline film are related to the inter- 
planar spacing by : 
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where R is the radius of any ring on the diffraction pattern 
and Al, the camera constant. 

To evaluate the interplanar spacing, the cajaera constant 
is to he known. To detemine the camera constant, a standard 
gold pattern, whose interplanar spacings are known is taken and 
the radii of the diffraction rings measured. Since the inter- 
planar spacing for each ring is known from the standard data, 
the camera constant can he determined. After the camera constant 




2.4 Theoretical Aspects of Sn02/Si0^/n-Si Solar Cells 


Solar cell oeing a current generator, its equivalent 
circuit takes the form of a diode in parallel with a constant 
current source and a series resistance (fig. 2.1), The current 
voltage characteristic of such a device is given by ; 

I = [exp q(7+IR)AT-l] - (2.18) 

v/here is the diode current", 1^, the saturation current; V,.the 
voltage developed across the cell", R, the series resistance and , 

XI 

the constant photogenerated current. 

Important parameters of a solar cell are its open circuit 
voltage (Vqc^» short circuit current density (JgQ)» fill factor 
(f), and eff i ci ency , ( q). 



q 

^^oc '^sc ^ percent, 

(2.19) 

where 

0 

0 

11 

kT/q [ln(l^/l^) + 1 ], %' . 

(2.20) 


■^sc 

Iq texp (q R Ig^/kT) - l] - , 

(2.21) 

and 

f 

(Maximum power obtainable )/V'^„ . 

' oc sc 

(2.22) 


KaAyama and furukawa [ 3 ] described the electrical chara- 
cteristics on the basis of an energy band diagram, in which Sn 02 
forms a Schottky barrier at the interface. However, a thin layer 
of oxide of silicon will form at the interface during processing 
and this oxide layer can strongly affect the device performance 
[ 33 ]. In devices, v;here this oxide layer is too thick, the 
electrons cannot tunnel through the layer and this results in 



20 


photo current suppression [34] through the recombination of light 
generated holes with electrons in Si. 

In analysing tin oxide cells the theory of MIS devices is 
useful, Ponash [35 J, Shewchun, Singh and Green [36], and Card 
and Yang [3?] have discussed this in detail. According to 
Ponash, the interfacial insulating layer can be used to improve 
open circuit voltage and the light generated carrier response 
by field shaping. Shewchun proposes that the mechanism of 
current conduction is tunneling through the interfacial layer. 
Por insulator thickness of 10 the cell is shown to exhibit 
Schottky behavior. 

The case of ITO/oxide/n-Si diode, which is similar to 
Sn 02 /Si 0 ^/n~Si diode has been discussed by Kar et al. [38]. The 
ITO/oxide/n-Si diode is considered to be similar to MOS diodes 
because the indium tin oxide is degenerate with a carrier con- 
centration of 10 /cm'^. Accordingly -the energy band diagram is 

given in Pig. 2.2 in which SnO^ band is flat similar to that of 
metal and the barrier region is confined to n-Si. 

If 9 ^ is the Si band bending at open circuit voltage, 

TO 

^00 * height of the Permi level above the conduction 

band of Sn 02 , then, the open circuit voltage is given by, 


where is the oxide potential at open circuit voltage. 9 ?'^ 
in equation (2.23) has been evaluated by Kar [39] on the basis, 
that the current mechanism is thermionic tunneling. In such cases 
the thermionic tunneling current density is given by; 


9 
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A exp(-q ^j/kT) [exp q( 9 ° - cp°°AT)-l]. (2.24) 

Taking = Tp '^TT '^L ’ ligii^ generated 

current density; 

9 °° = [kT/q ln(AT^/A)] + kT/q In (2,25) 

oc 

In the above expression Ij, is the tunneling transmission factor 
depending on voltage. 

If the Richardson constant A is assumed as 

A = 120 A/cmV°K^, T = 300 °K, ^ = 40 mA/cm^ , 

9 °"^ = 0.50 V f kl/q(ln T°°) - 0 ^^ (2.26) 

Substituting equation (2.26) in (2.23) the expression for open 
circuit voltage reduces to; 


OG 


9 ° + - [(kl/q) In T°°] - 0.50 Y + (Y°^ - Y°p . 


(2.27) 


V 


ox 


- Y°° = (Q? 4 Q?°) t /e 


OX/ OX ■ 


(2.28) 


0 o c 

where Q . ^ and Q . „ are interface charge densities at short circuit 

1 o 1 o 

current and open circuit voltage respectively. 
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EXPERIMENT 
) .1 Experimental Set-u p 

The set-up used for spraying tin chloride solution can be 
iivided into three sections such as : 

(i) sprayer unit, 

(ii) furnace system, and 

(iii) exhaust unit. 

5.1.1 Sprayer unit 

The unit is made of pprex glass and is as shown in Pig. 
3.1a. It is a self contained unit consisting of a reservoir 1 to 
hold the solution. The inlet gas enters through 2 and is allowed 
to expand in the bulb 5 before it issues out of the tapered end. 
The bulb can be exposed to atmosphere to stop the spray by means 
of stop code 5. The solution suction tube 4 ends into a nozzle 
at the tapered end of the bulb 5. The entire unit consisting of 
reservoir and sprayer is attached to the ground glass socket 6 so 
as to facilitate the sprayer unit to be fixed to the cone of the 
furnace tube. 

3.1.2 Purnace system 

The furnace tube is of p/rex glass about two inches in 
diameter and one meter in length with two B-55 ground glass cones 
fitted at its ends. The tube is inserted irto a furnace about 
three kilowatt capacity. The furnace is mounted on a rigid frame 
provided with castor wheels. The instrumentation needed for this 
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is mounted on a front panel made of 1/8*' thick A1 sheet. The 
instrumentation includes i 


(1) 

a temperature 

controller, 3k¥, associated with the 


furnace , 


(ii) 

a Variac (230"' 

^ f 1? a) , 

(ill) 

an AC Ammeter 

(0-25 A), and 

(iv) 

a switch socket combination for the input. 


The temperature controller acts via a relay and a 
contactor to make the furnace on and off, whose period can be 
controlled by a potentiometer included in the system. The 
temperature of the furnace is read by a temperature indicator 
suitable for Chromel- llumel thermocouple and is mounted on the 
front panel of the controller. 

The current through the furnace is limited by the Variac 
included at the controller output with an ammeter in series. 

The ammeter is protected from being damaged when the controller 
is tripping on and off by bypass switches which connect the 
furnace directly to the controller output. 

3 . 1.3 Exhaust unit 

This consists of a B-55 ground glass socket to which is 
attached a glass tube through which a push rod and boat arrange- 
ment slides as shown in Fig. 3<-lb. The push rod is actually 
a hollov; tube (6 mm in diameter), about 75 cm in length, to the 
end of which a boat made of pyrex glass is attached. A Chromel- 
Alumel thermocouple passes through this tube to record the 
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temperature in the proximity of the “boat. 

The entire assembly inclusive of sprayer unit, furnace 
tube, and the exhaast unit is shown in Pig. 

3.1*4 Experimental proceedur e 

To start with, the solution of a known concentration in 
deionised water is made. The sprayer unit is cleaned first by 
degreasing with TOE and removing traces of TOE by acetone. It 
is fixed into the furnace tube after applying vacuum grease to 
ground glass joints. At the exhaust end, the substrates on 
which deposition is to be carried out are loa.ded on to the boat 
and the exhaust rniit is fitted to the furnace after applying 
vacuum ''.;rease around ground glass joints. The solution is poured 
into the reservoir of the sprayer unit. 

The furnace is heated by passing about 14 A current 
adjusted through the Variac. The furnace is allowed to get 
heated continously by setting the potentiometer at 100 (for full 
heating). When the temperature closer to the deposition tempera- 
ture is reached, the potentiometer setting is brought down to 
lower values such as 50 or 60 so that furnace trips on and off 
with the ammeter bypassed by the switches provided. A steady 
temperature (400 '■’C) is reached after sometime when the heating 
and cooling rates are equalised. 

The inlet of the spraying unit is connected to a 1^2 or Ar 
cylinder through a flowmeter. ’The pressure of the inlet gas is 
adjusted to be above the minimum required to start the spray. 

This minimum is to be noted previously by a separate trial 
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experiment. The gas flow rate is adjusted by opening the stopcock 
of the sprayer unit. \Chen sufficient flow rate is established and 
the stopcock is closed, the spraying starts. The spraying is 
continued for known interval of time and then stopped by opening 
the stopcock. The HCl gas produced during the reaction is swept 
out by the inlet gas through the outlet tube connected to the 
exhaus t . 

In case any annealing in an inert ambient is required, the 
inlet gas pressure can be considerably reduced below the minimum 
required for the spray and then samples can be allowed to get 
heated at the deposition temperature or any temperature for known 
time intervals. The samples can be xmloaded when the furnace 
cools off slightly. 

5 . 2 Electrical Characterisation 

5.2.1 Gonductivitxjr type 

The deposited film was subjected to a test in which a hot 
probe was pressed on some point on the film and cold probe on some 
other point. The direction of deflection of the spot of light on 
the graduated scale of- leads and Northrup galvanometer was noted. 
The direction of deflection indicated the conductivity type of 
the deposited film. 

3.2.2 Re sisti vit y mea s urement 

A four point probe was used for measuring the resistiviiy 
of the deposited film. The circuit arrangement for this consisted 
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of a power supply connected across the outer prohes in series 
with an ammeter. The voltage across the inner probes was 
measured by a differential AC-DC Voltmeter Model 80 3B, John 
Fluke Manufacturing Co. 

To start with, the voltmeter was adjusted for null 
deflection by placing the meter in the position 'Calibrate' and 
adjusting the pointer to read aero. The probes were pressed 
against the sample so that all the four probes made good contact 
with it. Current was increased in steps of 1 mA by adjusting 
the voltage from the pov/er supply. In each case the voltmeter 
was balanced for null deflection by turning the knobs provided 
for this purpose and the voltage v/as read off directly corres- 
ponding to the position of the knobs. 

Voltage versus current was plotted and the slope of the 
straight line determined the ratio V/l. The sheet resistivity 
of the film, Rg [Ohms per square] was calculated using the 
formula, 


Rg = 'A = 4.332 (V/I), (3.1) 

where is the resistivity of the film and 't', the thickness. 

By knowing the thickness, the resistivity was calculated using 
the formula 

f = Rg^- (3.2) 

3.3 Optical Characterisation 
3 . 3.1 Measurement of film thickness 


A sharp step v/as obtained by covering a portion of the 
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substrate (glass) by another glass slide having a sharp edge. A 
uniform coating of A1 about 1000 2 . thick was obtained by evapo- 
rating A1 from Grainville Philips Go, USA Vacuum coating unit. 

The thickness of the film was obtained by measuring the height of 
the step using an Angstromscope Interferometer. 

Light from sodium vapor lamp is incident on a semireflec- 
ting plate called Pizeu plate after passing through semirefl ea- 
ting glass plates. The Pizeu plate can be tilted to a convenient 
position so as to form a wedge with the given sample. The 
straight dark and bright fringes can be seen through an eyepiece 
provided with a micrometer. 

If the surface of the film is not uniform, this is 
reflected as an offset in the fringe system. Hence in the 
region between the film and the ^ass plate where there is a 
step, an offset in fringes is observed. By measuring the offset 
of fringes and the fringe spacing, the thickness of the film 
Can be calculated using the formula, 

t = ( off set/ spacing) x 2946 ( 2 ), (3.3) 

In these measurements, the offset and fringe spacing are 
expressed in filar units. 

3.3*2 Transmittance measurements 

3, 3. 2.1 Transmittance measurement using solar cell 

A standard OGLI solar cell was used to measure the 
transmittance of lilms. The solar cell is mounted on a rigid 
metallic plate which also serves as a lead to the back contact 


of the cell. The cell is surrounded by opaque metallic side 
covers with a rectangular opening on the top. in aluminium mask 
with a circular opening was so kept as to cover the entire 
opening other than the solar cell. This precaution was taken to 
avoid extraneous light from passing through the opening from its 
sides. 

A bare glass slide similar to the one used as a substrate 
in tin oxide deposition was placed over the circular opening and 
a tungsten filament lamp was used to illuminate the cell area. 

The photocurrent was measured by using the VT'Viyi in current mode 
and set fco a convenient value by adjusting the position of the 
lamp. The glass slide on which the film was deposited was placed 
over the opening and the value of current read on the VTVM. The 
percent transmission was directly determined by considering the 
photociirr ent with the bare glass slide as one hundred percent 
transmission. 

3 . 3 • 2 , 2 SpectroTPhotometric measurements (normal incidence) 

These measurements were carried out using a Toshnival type 
RL02 spectrophotometer employing a photomultiplier for wavelengths! 
below 6000 2 . and a red sensitive photocell above this wavelength. 
The set-up could be used to measure the transmittance accurately 
over a wavelength range of 3600 to 9000 £. ! 

The glass slide with the film was held in a sample holder. , 
A hare glass slide was used as a reference standard in all these 
measurements and was held in a similar sample holder, li^t 
source was a tungsten lamp. Appropriate wavelengths were selected 


with the help of a quartz prism monochromator and the chosen heam 
was collimated first on to the clear glass slide to obtain the 
reference intensity and then on to film areas about 1 cm x 0.1 cm. 
By balancing the bridge circuit, the transmittance was read off 
directly from a calibrated dial. 'Ihe use of reference slide 
enables the film transmittance to be obtained directly. 

Care was taken to see that the sample was held such that 
the beam was incident at the air-film interface. 

The values of transmittance were plotted against the 
corresponding wavelengths to determine the spectral characteris- 
tics of the deposited films. 

The films on fused silica were separately scanned by the 
same method in Carey 17-D Ultraviolet- Visible Spectrophotometer 
and the transmittance versus v/avelength and absorbance versus 
wavelength plots were recorded in the range of wavelength 2000 i- 
7000 R. From the plot of absorbance (A) versus wavelength, the 
absorption coefficients (a) of _the film for various wavelengths 
were obtained using the formula, 

a = [2.3 log (Iq/I)]/! = 2.3 [h/t], ( 3 , 4 ) 

where A is the absorbance given by A = log having as 

the incident intensity and I as the transmitted intensity. 

The square root of absorption coefficient versus the 
photon energy was plotted and the intercept on the photon energy 
(hv ) axis of the extrapolated linear portion of the curve for 
zero absorption coefficient was obtained. 
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3*4 Studies on Thin Film Structure 


3.4.1 X-ray characterisation ' 

The deposited films were mounted on an X-ray crystal 
diffractometer. The samples were scanned by using copper 
and iron ^g2.pha ^^■‘^^ations in the range from 0° to 100°, The 
data obtained were traced by a recorder which moves in resonance 
with the rotation of X-ray diffractometer. The movement of the 
chart on the recorder was kept at 2° per minute and the intensity 
was kept in the range of 1000 Ops. This experiment was carried 
out for different films and a record of the X-ray diffraction 
pattern (Intensity vs. 29) v/as obtained. 


3,4.2 Transmission electron microscopic characterisation 

Tin oxide is not attacked by most of the strong acids and 
ba.aaa*. lire samples for the TEM analysis were prepared by loose- 
ning the portions of the film deposited on glass by dipping in 
dilute hydrofluoric acid and floating them off in deionised water. 
The floating films were carefully picked by the copper grids. In 
this way the samples were prepared for films of different thickness. 

The copper grids were placed in the path of an electron - 

beam from an electron gun at 100 kV of a transmission electron ' 

microscope. The samples were seen in both transmission and 
diffraction modes and photographed. 

3.5 Fabrication of Solar Cells 

The solar cell fabrication includes the following steps : 
wafer cleaning, deposition of tin oxide layer, vacuum evaporation 
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of the baok ohmic contact, vacuum evaporation of front contact. 
This sequence is clearly shown in Pig. 3«2. 


3 . 5.1 Surface cleanin g 


Single crystal silicon (111) wafer about 250 micron thick 
and resistivity of 0.2 to 7.0 Ohm. cm. obtained from G-eneral Diode 
Corporation, USA was the starting material. These had their. front 
surface policed and back surface lapped, Chemical cleaning 
included treating with organic solvents and etching in HP. Prior 
to chemical cleaning, the wafeiswere cleaned ultrasonically. 

The sequence of steps was as follows. 


(i) 


(ii) 

(iii) 

(iv) 

(v) 

(vi) 


The wafer was degreased by treating in warm trichloro- 
ethylene for about 2 minutes, then in warm acetone for 
tw?o minutes to remove traces of trichloroethylene, and 
finally in warm methanol for two minutes to remove traces 
of acetone. 

The wafer was etched in dilute HP to remove the intrinsic 
oxide. 

The wafer was decanted in deionised water several times to 
remove traces of HP. 

The wafer was treated with warm HHO^ for five minutes to 
grow a fresh layer of oxide about 50-60 S thick- 
The wafer v/as decanted in deionised water several times to 
remove traces of acid , 

The wafer v/as etched in HP to remove the freshly grown 


oxi de , 
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(vii) TTae wafer was finally decanted in deionised water. 

After this surface treatment proceedure, the polished 
surface of the wafer came out hydrophobic, which is a good 
indication of cleanliness. The presence of beads of water on a 
freshly etched wafer would indicate presence of contamination. 
Steps (iii) and (v) are necessary to avoid chemical etching of 
silicon, which in turn will affect the flatness of the surface. 

By removing the oxide grown in steps (iv) any mechanical damage 
and surface contamination are removed. 

Surface cleaning of v/afer is very critical in the fabri- 
cation of devices. Hence a clean chemical bench and electronic 
grade chemicals were used. 

3.5.2 Tin oade denosition 

Vvlien the temperature of the furnace was about 300 °C, the 
wafers were loaded on the boat at the exhaust end of the furnace 
tube. Along with the wafer a clean glass slide partially covered 
by another thin microscopic slide was kept so that this could act 
as a representative sample of the film deposited on the wafer. 

Wlien a steady temperature of 400 °C had reached, the 
spraying was started, continued for 1.5 minutes and then stopped. 
The wafers were annealed at 40C in Ar ambient for about 25 
minutes by reducing the inlet gas pressure below that needed for 
spray . 

The samples were unloaded. The edges of the Si wafer 
were scribed to remove tin oxide deposited on the edges so as to 

% 
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avoid conducting paths. 

The thickness of the deposited layer was measured by using 
Angstromscope Interferometer and the resistivity, by the four 
point probe method. The sample deposited on glass was used in 
these measurements. The transmittance of the sample was measured 
by using a standard solar cell. 

3*5.3 Metallisation 

The metal (Al) evaporation was carried out in a high vacuum 
system (Grainville Philips Co., USA) equipped with a Perkin Elmer, 
USA, Model 605-1210 digital quartz thickness monitor. Any oil 
contamination of the chamber was minimised by the use of liquid 
nitrogen traps. 

Helical coil tungsten filament was used for the evaporation 
of AL. The filaments were thoroughly degreased in warm trichloro- 
ethylene, acetone, and methanol and fired in vacuum for outgassing. 
The Al metal evaporated was obtained in 5 H purity in wire form. 

The metal was also degreased in the same way before use. Degassing 
of metal was done before each evaporation. LiJhile degassing a 
shutter was kept in between the source and the substrate to 
prevent any foreign volatile species from getting deposited on the 
substrate surface. Back ohmic contact of 1000 £ was deposited 
first and then the front contact through a mask with a circular 
opeiTi’ng of 2 millimeter diameter. 
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5.6 Measurements on Solar Cells 

Current-voltage characteristics 

The circuit diagram used for measuring dark current- 
voltage characteristics is shown in Pig. 3.46. The tin oxide 
cell was placed over a copper hlock through which water could be 
circulated. The block itself acts as one of the contacts to the 
solar cell. The contact to the front surface was made by using 
a palladium- tipped spring probe. The tin oxide diode is forward 
biased when tin oxide is positive and silicon, negative. The 
forward Ij)-V characteristic was obtained by increasing the voltage 
applied across the ceil in steps and noting the corresponding 
current. During the measurements care was taken to see that no 
extraneous light affected the dark I-V by placing the cell in a 
light tight box. A similar experiment was carried out by making 
the tin oxide negative with respect to silicon so as to bias the 
diode in the reverse direction. 

The semilogarthmic plots of current versus voltage were • 
made. Prom the forward current-voltage characteristic, the diode 
ideality factor, 'n‘ was calculated at different points of the 
curve by using the formula, 

n = q/kT(d In Ij^/dV). ^ (3,5) 

The series resistance of the cell was determined by plotting the 
forward currents vs, voltage on a linear graph and finding the 
slope of the curve in the linear region. 
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AMI illumination was simulated v/it’n tlie help of a 150 ¥ 
tungsten lamp and checked with the help of a commercial OCLI p-n 
junction solar cell. The current-vol tage characteristic of the 
solar cell was measured as Indicated in Pig. 3»4a. From the I-V 
characteristics of the solar cell, one could obtain the open 
circuit voltage, the short circuit current, and the fill factor. 
The efficiency of the cell was obtained by finding the maximum 
area of a rectangle that could be fitted into solar 1~Y charac- 
teristics, During the entire measurement of solar I-V, care was 
taken to see that '-the temperature of the device is kept constant 
by circulating water in the copper block. 

3.6,2 Capacitance-voltage measurements 

The C-V measurement on the cell v;as made in the dark at 
100 kHo using the set-up shown in Pig. 3.4c, The a.c. signal 
voltage was measured with an a.c, voltmeter and kept below 15 mY. 
Complete shielding of the device was essential in dark C-V 
measurements as it had been observed that room light has a 
considerable effect on the capacitance of the cell. The device 
capacitance was measured upto considerably large reverse bias 
values. The reciprocal of the squared capacitance was plotted as 
a function of the bias and was found to be a straight line. Prom 
the slope of the line the doping density was found by knowing 
the area of the cell using the formula: 

“doping = [aCl/O^VdY]. (3.6) 



From the intercept of the straight line with the bias axis, the 
zero bias silicon band bending was obtained as given bys 



having as the effective density of states and as the 
doping density in Si, 
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4. RESULTS AND DISCUSSION 
4 .1 Electrical OIiaracterisatiorL 

The conductivity type of all tiie deposited samples was 
found to "be strongly n-type. 

Tattle 4.1 indicates the sheet resistivities of the films 
obtained under different deposition conditions and times of spray. 
The deposition was made at 400 °C in some cases and 425 °G in some 
other cases. As can be seen from this table the sheet resistivity 
of the film is a function of thickness or deposition time. As the 
duration of spraying is increased^ the thickness of the film 
increases and the sheet resistivity diminishes. In some cases, 
where the spray v/as not continuous as indicated in the remarks 
column on account of a pressure "build-up in the furnace tube, 
which resulted in forcing the solution back to the reservoir, the 
thicknes^s of the film are low and the corresponding sheet resis- 
tivities are higher. This Can be seen in case of deposition 
numbers 5 and 12 where tl].© sheet resistivities are far higher 
through their deposition times are comparable to those in other 
depositions. The sheet resistivities of films deposited on fused 
silica are lower than those of films deposited on glass as can be 
seen from deposition number 2^. This can be attributed to the 
absence of alkali ions in fused silica substrate. Alkali ions are 
present in glass and are extremely mobiite. As a result, they caA 
easily diffuse Into the deposited film and act as acceptors or 
capturing centres for electrons in addition to being an impurity 
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atom causing sea. tiering in tlae tin oxide » Tlie consequence of 
this is that the films deposited on ^ass are more resistive than 
those deposited on fused silica. 

The resistivities of the deposited film are in the range 
of 10 to 10 Ohm. cm in all cases listed. The reproducibility 
of the properties of the film to a certain extent could be 
obtained in the last three depositions. In these depositions, 
the pressure of the inlet gas (Ar) could be fixed exactly at the 
needed value (12 psi) by using better gas regulator valves. 
Deposition numbers 21, 22, 23 reflect this. The spray was made 
continuous in all these depositions by slightly loosening the 
sprayer end, so that this is communicated to the atmosphere so as 
to reduce the pressure build-up in the furnace tube. The deposi- 
tion indicates approximately a linear growth rate of 6000 £/ 
minute and the sheet resistivity displays a gradual decrease with 
increase of deposition times. In depositions 18 and 20, two 
different films of the same deposition are showing different 
sheet resistivities. The reason for this lies in the fact that 
one of the substrates was found to have shifted from the main 
stream of the spraying jet. This resulted in different amounts 
of deposition m substrate directly in the line of spray 
receiving more deposition than the other. The different thick- 
nesses arising out of this led to different sheet resistivities 
of the films. 

4.2 0 D *3ical Gharacterisation 


I.. ;le 4.1 shows also the optical t?’ an smit t anc e of films 
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of different sheet resistivities. Figure 4.1 shows the variation 
of optical transmiti'eoncs with sheet resistivity for films deposit 
on glass. Figure 4.1 indicates a certain trend, in which for 
sheet resistivities above about 70 Ohms per square, the film 
transmittance lies around or above 80 percent, where as those bel^ 
this show reduced ;';pcical transmittance of about 70 percent. 
However, for films deposited on fused silica the transmittance 
remains quite high (90 percent) even at sheet resistivities of 
the order of 63 Ohms per square, at which the film on glass shows 
a poor optical trajjsmit fcance. Figure 4.2 shov^^s the transmittance 
characteristics of films deposited on fused silica. The trans- 
mission rem.ains betv/een 70 and 80 percent in the visible range 
(4000 2 . - 7000 1), Fi gure 4.3 compares the transmittance chara- 
cteristics of film deposited on fused silica with that deposited 
on glass. Once again the same trend, in which the film on fused 
silica, though thicker than that on glass, shows a better trans- 
mittance characteristics, is seen. One of the reasons for this is 
that the absorption of fused silica (Si 02 ) is lower than that of 
glass and hence the corresponding transmittance is high. Owing 
to their high index of refraction the main losses in the optical 
transmission of the films on glass are caused by interference 
effects and by increases in the intensity of luminous reflection. ; 
Figure 4.4 shows the transmittance, reflectance, and absorptance , 
characteristics of a film of sheet resistivity 180 Ohms per square 
deposited on glass. As can be seen from Fig. 4.4, the decrease 
of optical transmit ennee is marked by an increase in reflection i 
and absorption. A maximum reflection of 20 percent at 4000 2 . and ; 
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a minimum of about 5 percent are observed. Figure 4.5 shows the 
transmittance characteristics of films of different thicknesses 
and sheet resistivities. It can be readily seen that as the films 
become less and less resistive, the transmission characteristics 
become gradually poorer. One of the reasons for this is the 
increase of thickness as the films become less and less resistive, 
which is accompanied by an increase in optical absorption. Another 
reason advanced for poor transmission characteristics of films is 
the presence of SnO as a second phase in tin oxide (Sn02) [29,33^]. 
Since the band gap of SnC is smaller than that of Sn02» the 
optical transmission diminishes. 

Figure 4.6 shows a plot of square root of absorption 
coefficient vs photon energy (h ). Ihe extrapolation of the 
linear part to zero absorption coeffieient yields an intercept 
of 3.45 eV. Ihis value is closer to the reported value, 3.42 eV, 
which is supposed to be due to indirect transition in tin oxide. 


4 .5 Structural Qharacterisation 
4*5.1 X-rav analysis 


Figure 4.7a is the X-ray diffractogram of tin oxide 
deposited on glass obtained by using iron radiation. The 

strong diffraction peaks are indicative of polycrystalline nature 
of the film. The peaks of X-ray diffractogram are indexed as 
shown in Table 4.2. The underlined indices match with those 
given in the standard X-ray data (Table 4.3). 
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4.3.2 ISM analysis 

Sigure 4.71 gives the transmission electron diffraction 
pattern of tin oxide films. The diffraction pattern displays 
conbinuous rings indicating that the material is p oly cry stall ine 
liaving a random orientation. The prominent rings have been 
indexed as given in Table 4.4, 

Pigures 4,8 and 4.9 indicate the transmission electron 
micrescopic pattern of films of two resistivities. Pigure 4.8 
is the microstructare of the film deposited at 400 °C. The film 
lias a sheet resistivity of about 4500 Ohms per square and a 
thickness of about 600 As can be seen the film is inter- 

spersed with voids, which inhibit electrical conductivity and 
lead to large sheet resistivities as is the case. Pigure 4.9 
shows the microstructure of the film with a sheet resistivity of 
125 Ohms per square. The film is about 4000 £ thick and can be 
seen to be almost continous. The same study indicated that the 
film is interspersed with black regions. However the identifi- 
cation of these regions could not be made since their diffraction 
patterns could not be recorded due to poor intensities. 

4 ,4 Analysis of Tin O^qde Cells 

Pigure 4.10 shows the current-voltage characteristics of 
the tin oxide cell under AMI illumination. Prom Pig. 4,10, it is 
found that the open circuit voltage of the cell is 275 mV and the. 
short circuit current 540 microamperes. The active area of the 
cell was 20.9 mm . This yielded short circui-l, densi ty of 1,6 niA 4 
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The fill factor determined by finding ttie largest area of 
tlie rectangle that can be inserted in the current-voltage chara- 
cteristics gave a value of 22 percent. The conversion ef ficien.,; o' 
the cell was about 0.10 percent. Such low fill factor and short 
circuit current density may be attributed to the high series 
resistance arising from Sn02 layer. The series resistance as 
determined from the linear portion of diode current- voltage 
characteristics as shown in Pig, 4.11 comes out to be 440 Ohms 
[90 Ohm.cm^], which is rather quite large for a solar cell. 

Figure 4.12 is a semilogarthmic plot of dark diode 
current (Ip) vs. voltage. Prom the forward characteristic the 
diode ideality factor: (n) has been evaluated and found to be 
2.5 and 4.7 at the two points indicated. 

figure 4.13 is a plot of reciprocol of squared capacitance 
versus voltage. The plot is a straight line. The extrapolation 
to aero value of reciprocal of squared capacitance yields for the 
zero bias silicon band bending ( 9 ?) a value of 0,75 T, The 
silicon doping density calculated by finding the slope of the 
straight line yields a value of 1.16x10^ Vcm^* The total barripr ' 
height turns out to be 1,0 V, 
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Calculated X-ray reflections for Sn02 films, 


Iron , 
“l 


A = 1.93597 2 .. 


SI. 2 9(0) g (O) Jl2+K2+2.2L2=(^f 


ilia 


ma 


1 

33.50 

16.75 

3,358 ■ 

1.99 

(110) 

2 

42,90 

21.45 

2,647 

3.20 

(101) .(Oil ) 

3 

48.10 

24.05 

2.375 

3,98 

(200), (020) 

4 

66.40 

33.20 

1.768 

7.19 

(211), (121) 

5 

70.40 

35.20 

1.679 

7.96 

(ago) 

6 

80.20 

40.10 

1.502 

9.95 

(310), (130) 

7 

86,20 

43.10 

1.416 

11.11 

(;oi) 
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Table 4.3 

Standard diffraction data on SnOg Radiation; X -1.9373 
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la bl e 4.4 

ansmission electron microscopic diffraction data. 
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5. COFCT.USIOi'T 

Tin oxide films with satisfactory optical transparencies 
and sheet resistivities have been prepared. However the solar 
cell fabricated by depositing these films exhibited poor perfor- 
mance v/ith conversion efficiency of the order of 0.10 percent. 

The mini’''>vjiL sheet resistivity of 45 Ohms per square for films 
deposihed on glass has been • obtained with a considerable loss in 
optical transmission, Tor a good solar cell performance sheet 
resistivities of the order of 5--10 Ohms per square are preferred. 
Such sheet resistivities should be obtained with possibly no 
damage to optical transmission. 

Improvements in the properties of the film needed for an 
efficient cell performance could not be obtained owing to some 
experimental limitations. The first limitation arose from the 
furnace tube. The tube made of pyrex glass could not withstand 
the thermal stresses released, when cold solution was sprayed 
onto the hot zone. Hence after a few depositions the tube 
developed a severe crack and collapsed. In addition to this, the 
bube itself acted as a source of contamination by infusing alkali 
.ons into the deposited film and thereby increasing its sheet 
resistivity. Moreover the maximum temperature that was employed 
;o prevent any possible damage to the tube was around 400 °C. 
oth these limitations can to a certain extent be overcome by using 
'used silica tube. 

Tliinner films with good electrical conductivity are 
re'f^rrec!, b^ause theii- optical transparencies are quite high. 
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Sucli lij ms CPQ je cbt imed "by using some external agents as 
dopantSo Two sucL reported dopants are antimony clilcride (SbCl^) 
and ammnnium fluoride Both antinony and fluorine act 

as donors by substituting for tin and oxygen respectively. Such 
dopants can be added in suitable proportions to the spraying tin 
chloride solution and thinner films with a good conductivity can 
be deposited as barrier layers on Si. 

’■•e deposited films can be subjected to heat treatment 
at higher temperatures in the range of 500-600 °C , as at tempe- 
ratures in between S40 and 380 are found processes which 
oiidise metallic tin to SnOg. lo secure a good conductivity, 
metallic tin is preferred to be present in the films. The tin 
content: in the film is increased at high temperatures by the 
oxidation of SnO to SnOp and metallic tin. For the same purpose, 
some reducing agents such as pyrogallol have also been used to 
lower the oxidation of metallic tin during the deposition. 

A continuous spray is also equally necessary to get films 
with some reproducibility in their properties. For this, the 
pressuiG build-up in the furnace tube rendering the spray 
discontinuous is to be avoided. To meet these requirements, 
efficioob gas regulator valves, flowmeters and an exhaust, which 
out the inlet gas swiftly are essential. 


can sweep 
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3?ig. 2.1 


Fig. 2.2 


Fig. 3.1a 
Fig, 3.11 


Fig . 3*2 


Fig. 3.3 


Fig. 3.4a 


Fig. 3.41 

Fig. 3.40 


Fig. 4.1 


Fig. 4.2 


Figure Captions 

Equivalent circuit diagram of a solar cell. is 

the diode current, R the series resistance, and 
the load resistance. 

Energy land diagram of SnO^/SiO /n-Si solar cell 
in equililrium. 

Diagram of spraying unit. 

Sprayer unit, furnace tule, exhaust unit assembly. 
Bloclr diagram indicating the sequence of steps 
follov/ed for fabrication of SnOg/SiO^/n-Si solar 
cells. 

Side view and top view of Sn02/Si0^/n-Si solar 
cell showing front metal grid contact and back 
ohmic contact. 

Circuit diagram of the set-up used for measuring 
current-'v oltage characteristics of solar cells. 

Circuit diagram of the set-up used for the measurement 
of diode current-voltage characteristics. 

Circuit diagram of the set-up used for measuring 
the capacitance-voltage characteristics of solar 
cells. 

Fransmittance of films plotted as a function of 
their sheet resistivity. 

Transmittance and absorbance of the film on fused 
silica plotted as a function of wavelength. 
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Pig. 4.3 


Pig. 4.4 

Pig. 4.5 

Pig. 4.6 


Pig. 4.7a 

Pig. 4.71D 

Pig. 4.8 

Pig. 4.9 

Pig. 4.10 

Pig. 4.11 
Pig. 4.12 

Pig. 4.13 


Iransmi ttance plotted as a function of wavelength 
for comparing the transmittance characteristics of 
film on glass with that on fused silica. 
Iraiismittance, reflectance and ahsorptance of film 
on glass plotted as a function of wavelength. 
Irahsnitbance of films on glass, plotted as a 
function of wavelength to show, the variation of 
transmittance characteristics with sheet resistivity 
and filiQ thickness. 

Square root of absorption coefficient of a film on 
fused silica plotted as a function of photon energy 
for ev.aluafcing the band gap of tin oxide. 

X-ray diifractogram of tin oxide film obtained by 
using iron radiation. 

Transmission electron diffraction pattern of tin 
oxide film. 

Transmicoion electron micrograph of tin oxide film 
of sheet resistivity 4500 Ohms per square. 
Transmission electron micrograph of tinoxide film of 
sheet resistivity 123 Ohms per square. 

Current-voltage characteristics of SnOg/SiO^/n-Si 
solar cell. 

Linear plot of diode curr ent-voltage characteristics. 
Semilogarthmic plot of diode current-voltage 
characteristics. 

Reciprocal of squared capacitance plotted as a 
function of applied bias. 
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